Introduction
============

In the past decade, the view that extracellular vesicles (EVs) may be exploited as drug delivery systems has gained increasing support in the scientific community. EVs are naturally occurring lipid membrane vesicles with sizes ranging from 50 to 1000 nm, and are either shed from plasma membranes or released from intracellular compartments termed multivesicular endosomes (MVEs) or multivesicular bodies (MVBs) by virtually all cells in the body. Plasma membrane-derived EVs are often referred to as microvesicles, while MVE-derived EVs are usually termed exosomes. However, in practice, these types show overlapping characteristics.[@cit1] EVs are believed to play a role in intercellular communication by transporting their cargo, which includes bioactive lipids, proteins and nucleic acids (*e.g.* miRNA and mRNA), from one cell to another *via* bodily fluids.[@cit2] EVs can transfer these macromolecules to recipient cells and thereby induce pronounced phenotypical changes.[@cit3]--[@cit6] This capability has created excitement in the drug delivery field, where efficient, biocompatible and targeted transfer of such cargo is desired.[@cit7]--[@cit10] The first clinical trials using EVs for therapeutic purposes have already been initiated.[@cit11]

However, the biological nature of EVs presents not only opportunities, but also challenges for their application as drug delivery systems. EVs are 'pre-programmed' with selected cargoes and cell-specific targeting moieties, which may not necessarily overlap with their intended therapeutic application. To overcome these challenges, various strategies have been employed to manipulate EV tropism. For example, the EV membrane protein Lamp2b has been successfully fused to targeting ligands specific for brain, angiogenic endothelium or IL3 receptors on myeloid leukemia cells to target EVs to these respective tissues and cells.[@cit12]--[@cit14] In addition, the platelet-derived growth factor receptor was used as an anchor to express tumor targeting ligands on EV surfaces.[@cit15] Alternatively, we have previously described the use of glycosylphosphatidylinositol (GPI) anchors for this purpose.[@cit16] Although such strategies were shown to result in efficient targeting of EVs to specific cell types, their general applicability may be limited by the need to engineer EV-secreting cells, which can be particularly challenging in primary cells. Furthermore, targeting ligands expressed in such a manner may be displayed with an insufficient density for proper targeting, or even directed to intracellular degradation pathways resulting in minimal display on EVs.[@cit17]

In this study, we present a novel approach to confer targeting properties to EVs after their isolation, without the need to modify EV secreting cells and with broad applicability for EVs from multiple cell sources. It has recurrently been described that EVs are enriched in the negatively charged phospholipid phosphatidylserine (PS).[@cit2],[@cit18],[@cit19] For example, Llorente *et al.* described that whereas PS constitutes approximately 5.5% of lipids in PC-3 cells, this molar percentage was doubled in PC-3 derived EVs.[@cit18] Slightly deviating numbers have been reported for other cell types,[@cit20],[@cit21] however a general enrichment of PS in EVs compared with their parent cells is often observed. Under normal conditions, PS is exclusively located in the inner leaflet of the cell membrane and this asymmetrical membrane distribution is actively maintained by flippase enzymes.[@cit22] However, during EV formation this lipid asymmetry is lost, resulting in the release of PS-exposing EVs.[@cit1],[@cit23],[@cit24] The exposure of PS on a membrane surface is a classical 'eat-me' signal that connects to a large number of serum proteins and opsonins that enable uptake by phagocytic cells. Hence, it is not surprising that in proteomic studies EVs are often found to be associated with the opsonin lactadherin (also named MFG-E8).[@cit25]--[@cit30] This protein, which contains two PS-binding C-domains (C1 and C2, together referred to as C1C2) that share homology with the corresponding domains in coagulation factor V and VIII.[@cit31],[@cit32] Due to its localization on EV membranes, the C1C2 domain of lactadherin has been exploited as an EV membrane anchor for recombinant proteins.[@cit33]--[@cit36] In these reports, C1C2-fusion protein encoding vectors were transfected into EV producer cells to obtain EVs exposing the desired proteins. We reasoned that, given that lactadherin is a soluble protein, the C1C2-fusion strategy could be employed to equip EVs with tumor cell targeting properties after isolation in a 'plug-and-play' fashion. We fused C1C2 domains with nanobodies raised against the well-studied oncogene epidermal growth factor receptor (EGFR), which is the main target of a range of inhibitors used for cancer treatment in the clinic.[@cit37],[@cit38] Nanobodies (also termed single-domain antibodies, sdAbs or VHHs) are single variable domains of the heavy-chain only antibodies found in *Camelidae* species.[@cit39] These antibody fragments typically possess antigen-binding capacity similar to that of the full length antibody, but are generally more resistant to extreme chemical and thermal conditions.[@cit40],[@cit41] Furthermore, their size of approximately 15 kDa, ease of production and high solubility allows nanobodies to be employed as versatile targeting ligands. Here, we describe the purification of C1C2-nanobodies from cell culture supernatants, and characterized the specificity of these proteins for PS and EGFR binding. Furthermore, we evaluated whether these proteins could be employed as tools to confer specific tumor cell targeting properties to isolated EVs from red blood cells (RBCs) and Neuro2A cells.

Materials and methods
=====================

Materials
---------

MicroBCA Protein Assay Kit, AlexaFluor 488 NHS ester, CellTracker Green CMFDA dye, CellTracker Deep Red dye, CellTracker Red CMTPX dye and the pcDNA3.1 vector with Neomycin resistance were purchased from Thermo Fisher Scientific (Waltham, USA). Sepharose CL-4B and cholesterol were obtained from Sigma-Aldrich (Steinheim, Germany) and TALON Superflow Metal Affinity Resin was from Clontech Laboratories, Inc. (Saint-Germain-en-Laye, France). Phospholipids were purchased from Avanti Polar Lipids (Birmingham, USA), except for egg phosphatidylcholine, which was obtained from Lipoid AG (Steinhausen, Switzerland). Cell culture flasks were obtained from Greiner Bio-One (Alphen aan de Rijn, The Netherlands). pET28a-EGa1 and pAX51-R2 vectors encoding EGa1 (PDB ID: 4KRN) and R2 (PDB ID: ; 1QD0) Myc-tagged nanobodies, respectively, were kindly provided by Dr S. Oliveira (Department of Biology, Utrecht University, Utrecht, The Netherlands).

Molecular cloning
-----------------

Mouse splenic dendritic cells (D1) were a kind gift from Dr Harry Heijnen (UMC Utrecht, Utrecht, The Netherlands)[@cit42] and were cultured as described.[@cit43] RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific) according to the manufacturer\'s instructions. cDNA synthesis was performed using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Veenendaal, The Netherlands) according to the manufacturer\'s protocol. The C1C2 region of MFG-E8 was PCR amplified using forward primer Fw_C1C2 and reverse primer Rv_C1C2 (see ESI Table 1[†](#fn1){ref-type="fn"}). These primers were designed to flank the C1C2 sequence with a 5′ NotI restriction site and 2xGGGGS linker sequence, and a 3′ Tobacco Etch Virus (TEV) cleavage site and EagI restriction site. After NotI/EagI digestion, C1C2 sequence was inserted into pET28-EGa1 at the NotI site. The resulting EGa1-C1C2-Myc-His cassette was PCR amplified, flanked with NheI and XbaI sites and inserted in pcDNA3.1. Subsequently, an Igκ leader sequence (see ESI Table 1[†](#fn1){ref-type="fn"}) was inserted in-frame at the NheI site to generate pcDNA3.1-EGa1-C1C2. For the pcDNA3.1-R2-C1C2 vector, the R2 sequence was PCR amplified from pAX51-R2 and flanked with NheI and NotI sites. The EGa1 sequence was excised from pcDNA3.1-EGa1-C1C2 using the same restriction enzymes and replaced with the R2 sequence. All obtained vectors were sequenced using a BigDye® Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) according to the manufacturer\'s instructions.

Generation of cell lines and cell culture
-----------------------------------------

All used cell lines were maintained at 37 °C and 5% CO~2~. Human epidermoid carcinoma cells (A431, ATCC, Manassas, USA) and human embryonic kidney cells (HEK293, ATCC) were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL^--1^ penicillin and 100 U mL^--1^ streptomycin. Mouse neuroblastoma cells (Neuro2A, ATCC) were grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS, 100 U mL^--1^ penicillin and 100 U mL^--1^ streptomycin. To generate cell lines stably expressing R2-C1C2 or EGa1-C1C2 proteins, HEK293 cells were transfected overnight with pcDNA3.1-R2-C1C2 or pcDNA3.1-EGa1-C1C2 using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer\'s instructions. Cells were selected for at least 2 weeks using 500 μg mL^--1^ G418 (Thermo Fisher Scientific) selection antibiotic, until normal morphology and growth was regained.

Large-scale purification of recombinant phosphatidylserine-binding proteins
---------------------------------------------------------------------------

HEK293 cells expressing R2-C1C2 or EGa1-C1C2 were seeded at 50% confluency in 10-layer HYPERflask M cell culture vessels (Corning Life Sciences B.V., Amsterdam, The Netherlands) in normal growth medium. After 72 h, medium was replaced with production medium, consisting of Opti-MEM Reduced Serum medium supplemented with GlutaMAX (Gibco, Thermo Fisher Scientific), 0.5% v/v Ultroser G serum substitute (Pall Corporation, Washington, USA), 250 μg mL^--1^ G418 and penicillin/streptomycin. Cells were cultured for 48 h, after which conditioned medium was harvested and replaced with fresh production medium. Conditioned medium was mixed with 0.2 mM benzamidine HCl, depleted of cells and debris by centrifugation at 5000*g* for 15 min at 4 °C and stored at --20 °C until processing. When 5--10 L of conditioned medium was collected, medium was thawed and concentrated to ±120 mL using a 10 kDa molecular weight cut-off (MWCO) hollow fiber cartridge mounted on a Quixstand benchtop system (GE Healthcare, Eindhoven, The Netherlands). Concentrate was mixed with 0.5% v/v Triton X-100 to disrupt interactions of recombinant proteins with HEK293 EVs. Talon Superflow Metal Affinity Resin beads were washed with HEPES buffer (500 mM NaCl, 25 mM HEPES, pH 7.8) according to the manufacturer\'s instructions and incubated overnight at 4 °C with conditioned medium concentrate. Beads were pelleted at 500*g* and 4 °C for 5 min and washed three times with optimized stabilizing buffer (OSB, 18 mM [l]{.smallcaps}-arginine, 3.5 mM [l]{.smallcaps}-leucine, 5.7 mM [l]{.smallcaps}-glutamic acid, 0.009% (w/v) fatty acid free bovine serum albumin (BSA), 8% glycerol, 500 mM NaCl, 25 mM HEPES, pH 7.4). Beads were packed in a Tricorn 10/50 column (GE Healthcare) connected to a refrigerated ÄKTA Pure chromatography system according to the manufacturer\'s instructions and washed with at least 10 column volumes of OSB, Wash Buffer (2 mM imidazole and 0.7% v/v Triton X-100 in OSB) and once more with OSB. Proteins were stripped from the resin with Elution Buffer (250 mM imidazole and 100 mM EDTA in OSB), concentrated on 3 kDa MWCO Vivaspin tubes (Sartorius, UK) and dialyzed overnight in 10 kDa MWCO Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific) against excess OSB. Subsequently, protein concentrates were loaded onto a 26/600 Hiload Superdex 200 pg gel filtration column (GE Healthcare), connected to a refrigerated ÄKTA Pure chromatography system and equilibrated with OSB. After elution in OSB, protein containing fractions (as determined by western blotting) were pooled and protein concentrations were determined using absorbance at 280 nm and calculated molar extinction coefficients of both proteins. Finally, proteins were concentrated on 3 kDa MWCO Vivaspin tubes, and stored in aliquots at --20 °C. Myc-tagged EGa1 control nanobodies were produced and purified as described previously.[@cit44]

SDS-PAGE and western blot analysis
----------------------------------

Samples were mixed with reducing sample buffer containing dithiothreitol (DTT), heated to 95 °C for 10 min and subjected to electrophoresis over 4--12% Bis--Tris polyacrylamide gels (Thermo Fisher Scientific). Gels were stained with PageBlue Protein Staining Solution (Thermo Fisher Scientific) according to manufacturer\'s instructions. Alternatively, proteins were blotted on Immobilon-FL polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Amsterdam, The Netherlands), which were subsequently blocked with 50% v/v Odyssey Blocking Buffer (LI-COR Biosciences, Leusden, The Netherlands) in Tris buffered saline (TBS). Antibody incubations were performed in 50% v/v Odyssey Blocking Buffer in TBS containing 0.1% v/v Tween 20 (TBS-T). Primary antibodies included mouse-anti-Myc (9E10 from MYC 1-9E10.2 hybridoma, ATCC, 1 : 4000), mouse-anti-β-actin (Cell Signaling Technology, clone 8H10D10, 1 : 1000), rabbit anti-alpha 1 spectrin (Abcam, clone EPR9300, 1 : 1000), rabbit anti-EGFR (Cell Signaling Technology, clone D38B1, 1 : 1000), rabbit anti-CD9 (Abcam, clone EPR2949, 1 : 2000), and mouse anti-Alix (Abcam, clone 3A9, 1 : 1000). Secondary antibodies included Alexa Fluor 680-conjugated anti-rabbit antibodies (Thermo Fisher Scientific, A-21076, 1 : 7500 dilution) or IRDye 800CW anti-mouse antibodies (LI-COR Biosciences, 926-32212, 1 : 7500 dilution). Imaging was performed on an Odyssey Infrared Imager (LI-COR Biosciences, Leusden, the Netherlands) at 700 and 800 nm.

Protein--lipid overlay assay
----------------------------

Protein--lipid overlay assay was performed as described elsewhere,[@cit45] with minor modifications. Phospholipids (16 : 0--18 : 1) phosphatidylserine (PS), egg phosphatidylglycerol (PG), cholesterol (CHL), milk ganglioside GM3 (GM3), milk sphingomyelin (SM), egg- or soy-derived phosphatidylcholine (PC^egg^ and PC^soy^, respectively) and egg phosphatidylethanolamine (PE) were dissolved in 1 : 1 chloroform : methanol (except GM3, which was dissolved in water) and diluted to a final concentration of 500 μM with a mixture of chloroform : methanol : water (2 : 1 : 0.8). Of each phospholipid, 1 μL was spotted on an Immobilon-FL PVDF membrane and dried for 1 hour at room temperature. Membrane was blocked with 50% v/v Odyssey Blocking Buffer in TBS for 2 hours at room temperature, followed by overnight incubation at 4 °C with 45 nM of R2-C1C2 or EGa1-C1C2 in 50% v/v Odyssey Blocking Buffer in TBS-T. Blots were washed 5 times with TBS-T and probed with primary antibodies (mouse anti-Myc) and Alexa Fluor 680-conjugated secondary antibodies as described under "SDS-PAGE and western blot analysis". Protein--lipid binding was visualized using an Odyssey Infrared Imager at 700 nm.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Extracellular domains of EGFR fused with Fc domains of human antibodies (EGFR-Fc, R&D Systems, Inc, USA) were coated overnight at 4 °C onto Nunc MaxiSorp plates (Thermo Fisher Scientific) at a concentration of 2 μg mL^--1^. Wells were washed three times with phosphate buffered saline (PBS) and blocked with 2% skimmed milk in PBS for 1 hour. Wells were emptied and incubated with C1C2-nanobodies diluted in 2% skimmed milk in PBS for 1 hour. Plates were washed three times with PBS containing 0.05% v/v Tween20 (PBS-T) and incubated with mouse anti-Myc antibodies (9E10, 1 : 2000) for 1 hour. After washing with PBS-T, plates were incubated with rabbit-anti-mouse HRP (DAKO, P0260, 1 : 1000) for 1 hour. All protein and antibody incubations were performed in triplicates in 2% skimmed milk in PBS at room temperature while shaking. Plates were washed with PBS-T and stained with 100 μL TMB substrate solution (Thermo Fisher Scientific). Reactions were quenched by addition of 50 μL 1 M H~2~SO~4~, and absorbance at 450 nm was measured using a SpectraMax M2e microplate reader (Molecular Devices, UK). Absorbance values were normalized to control wells to which no C1C2 nanobodies were added. Data were plotted in Graphpad Prism 6 software (Graphpad Software, Inc, USA) and non-linear regression was performed using the 'one site-specific binding' option to calculate dissociation constants (*K*~d~).

EGF competition ELISA
---------------------

Nunc MaxiSorp plates were coated overnight at 4 °C with goat anti-human antibodies (Thermo Fisher Scientific, PA1-85606, 1 : 1000) in PBS. Plates were washed three times with PBS, and incubated with EGFR-Fc (2 μg mL^--1^ in PBS) for 1 hour. After washing with PBS, plates were blocked with 2% fatty acid free BSA in PBS (2% PBSA) for 1 hour, and subsequently incubated with six replicate samples of C1C2 nanobodies mixed with 40 nM EGF-IRDye 800CW optical probe (LI-COR Biosciences) in 2% PBSA for 1 hour. All incubations were performed at room temperature while shaking. Finally, plates were washed three times with PBS and analyzed using an Odyssey Infrared Imager at 800 nm. Fluorescence intensity values of the wells were quantified using Odyssey software (V3.0, LI-COR Biosciences) and normalized to control wells to which no EGFR-Fc was added.

Isolation and stimulation of red blood cells
--------------------------------------------

Blood was obtained from healthy volunteers with sodium heparin as anticoagulant. Withdrawal of blood samples was approved by the University Medical Center Utrecht (UMCU) Ethics Committee and informed consents were obtained from all participants of this study. RBCs were isolated using α-cellulose columns and resuspended in Ringer\'s buffer (125 mM NaCl, 5 mM KCl, 1.6 mM CaCl~2~, 5 mM glucose, 10 mM HEPES, pH 7.4) at 40% haematocrit as measured using a Cell-Dyn 1800 hematology analyzer (Abbott, Hoofddorp, The Netherlands). RBCs were stimulated overnight at room temperature with 4 μM of Ca^2+^-ionophore A23187 (Sigma-Aldrich) in a tube rotator to induce EV secretion.

Isolation and labeling of red blood cell EVs
--------------------------------------------

After overnight stimulation, a differential (ultra)centrifugation protocol based on the "gold standard" method described by Thery *et al.*[@cit46] was used to isolate RBC EVs. RBCs were centrifuged twice at 2000*g* for 10 min to remove cells and debris. Supernatant was centrifuged at 10 000*g* for 10 min to remove large vesicles and debris. Subsequently, supernatant was centrifuged at 100 000*g* for 70 min using a fixed-angle rotor (Type 50.2 Ti, *k*-factor 206.3, Beckman Coulter) to pellet EVs. EV pellet was resuspended in PBS and centrifuged again at 100 000*g* for 70 min. All centrifugation steps were performed at 4 °C. Washed EV pellet was resuspended in a small volume of PBS (\<1 mL). EV protein concentration was determined using a MicroBCA Protein Assay Kit according to the manufacturer\'s instructions. For cell association and uptake assays, RBC EVs were labeled with the fluorescent dye AlexaFluor 488 NHS ester. Lyophilized dye was dissolved at a concentration of 10 mg mL^--1^ in dimethyl sulfoxide (DMSO). EVs were mixed with 100 mM sodium bicarbonate (pH 8) and 1% v/v AlexaFluor 488 NHS ester, and incubated for 1 hour at 22 °C in a shaker incubator at 1400 rpm. Unbound label was removed using size exclusion chromatography with a Sepharose CL-4B column as described under "EV decoration and purification by size-exclusion chromatography".

Isolation and labeling of Neuro2A EVs
-------------------------------------

Neuro2A cells were seeded in T175 flasks and cultured for 24 hours, after which medium was replaced by Opti-MEM Reduced Serum medium supplemented with GlutaMAX (Gibco, Thermo Fisher Scientific) and 100 U mL^--1^ penicillin, 100 U mL^--1^ streptomycin. Cells were allowed to produce EVs for 48 hours. EVs were isolated according to a previously described 'ultrafiltration followed by liquid-chromatography' method (UF-LC[@cit47]). We preferred this method over the ultracentrifugation method used for RBC EV isolation, because the conditioned medium of Neuro2A cells contained considerably higher quantities of contaminants than the Ringer\'s buffer in which RBCs secreted EVs. These contaminants were more efficiently removed when using UF-LC compared with ultracentrifugation. In brief, conditioned medium was cleared of cells and debris by centrifugation at 300*g* and 2000*g* for 10 min at 4 °C, followed by vacuum driven filtration through 0.22 μm Steritop filters (Merck Millipore). Medium was concentrated to \<4 mL using Amicon Ultra-15 Centrifugal Filter Units with a 100 kDa MWCO (Merck Millipore) at 4000*g* and 4 °C, and loaded onto a HiPrep 16/60 Sephacryl S-400 HR gel filtration column (GE Healthcare Life Sciences), which was equilibrated with phosphate buffered saline (PBS) and connected to a refrigerated ÄKTA pure chromatography system. EVs were eluted at 0.6 mL min^--1^, and EV containing fractions (as visualized by UV absorbance at 280 nm) were again concentrated on 100 kDa MWCO Amicon Ultra-15 Centrifugal Filter Units. For cell uptake experiments, EVs were mixed with 10 μM CellTracker Deep Red fluorescent dye (diluted from 2 mM stock in DMSO) immediately after isolation and incubated for 1 hour at 37 °C. EVs were purified from unbound dye using Sepharose CL-4B based SEC (as described under "*EV decoration and purification by size-exclusion chromatography*") and concentrated using 100 kDa MWCO Vivaspin tubes. Protein concentrations were determined using a MicroBCA Protein Assay Kit according to the manufacturer\'s instructions.

EV decoration and purification by size-exclusion chromatography
---------------------------------------------------------------

EVs were mixed with R2-C1C2 or EGa1-C1C2 diluted in OSB or equal volumes of OSB as negative control and incubated at room temperature for 30 min. To remove unbound proteins, size-exclusion chromatography was performed with a XK-16/20 column (GE Healthcare) packed with Sepharose CL-4B according to the manufacturer\'s instructions. The column was connected to a refrigerated ÄKTA Pure chromatography system, and equilibrated with PBS. EV/protein mixtures were injected, eluted with PBS, and EV containing fractions (visualized by UV absorbance at 280 nm) were pooled. EV samples were concentrated to 100--200 μL using Vivaspin 100 kDa MWCO.

Nanoparticle tracking analysis
------------------------------

Concentrated EV samples were diluted with PBS to appropriate dilutions for analysis and automatically injected into a NanoSight NS500 system equipped with an LM14 405 nm violet laser unit (Malvern Instruments, Worcestershire, UK). Five movies of 30 seconds were recorded at camera level 13 (RBC-derived EVs) or 15 (Neuro2A-derived EVs) and at a fixed temperature of 25 °C. Data was analyzed using NTA 3.1 software, with detection threshold 9 (RBC-derived EVs) or 6 (Neuro2A-derived EVs) and other settings kept at default. PBS used for dilution was confirmed to be particle-free at these settings.

Immuno-electron microscopy
--------------------------

RBC EVs in PBS were adsorbed to carbon-coated formvar grids for 15 min at room temperature, washed, and fixated in 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer. Immunolabeling was performed with mouse anti-Myc antibody (9E10, 1 : 100), followed by rabbit-anti-mouse IgG (Rockland, 610-4120, 1 : 250) and 10 nm Protein A gold (CMC, Utrecht, The Netherlands). For Neuro2A-derived EVs, primary antibody was used at a 1 : 150 dilution and labelling was performed prior to fixation with 1% glutaraldehyde in PBS. Grids were embedded in methyl cellulose uranyl-acetate after counterstaining with uranyl-oxalate.[@cit48] Grids were imaged using a Tecnai T12 transmission electron microscope (FEI, Eindhoven, The Netherlands).

Cell association assays
-----------------------

Fluorescently labeled EVs were decorated with PS-binding proteins and purified again using size exclusion chromatography. To exclude the possibility of labeling biases among samples, EV protein concentrations were measured using a MicroBCA Protein Assay, and fluorescence of 60 μL EV samples in a black 96-well plate was determined using a SpectraMax M2e microplate reader at 488 nm excitation and 530 nm emission. Differences in labeling efficiency (expressed as fluorescence intensity per μg of EV protein) of less than 10% were considered acceptable before proceeding with cell association or uptake assays.

For cell association assays, Neuro2A or A431 cells were trypsinized and resuspended in ice-cold culture medium at a concentration of 3 × 10^5^ cells per mL. Cells were transferred to round bottom 96-well plates (100 μL per well) on ice and mixed with 3.8 μg of EVs per well. EV--cell mixtures were incubated for 1 hour at 4 °C to allow EV binding. Plates were centrifuged for 5 min at 500*g* and 4 °C to pellet cells, after which cells were resuspended in ice-cold FACS buffer (PBS containing 0.3% BSA). This procedure was repeated twice for a total of three washes. Finally, cells were resuspended in 0.2% formaldehyde in PBS and analyzed using a FACSCanto II flow cytometer (BD Biosciences, USA). Mean fluorescence intensity (MFI) values of treated cells were normalized to untreated cells.

Cell uptake assays
------------------

Neuro2A or A431 were cultured in flat-bottom 96-well plates at a density of 3 × 10^4^ cells per well in their normal growth medium. After 24 hours, when a confluency of 80--90% was reached, 3.8 μg of AlexaFluor 488 NHS ester-labeled RBC EVs, or 3.75 × 10^9^ particles of CellTracker Deep Red-labeled Neuro2A EVs were added and cells were incubated for 4 hours at 37 °C to allow EV uptake. Cells were washed once with PBS, trypsinized, resuspended in culture medium and transferred to round-bottom 96-well plates. Cells were washed once with FACS buffer, once with an acid wash buffer (0.5 M NaCl, 0.2 M acetic acid, pH 3) to remove cell-bound EVs, and once more with FACS buffer as described under *Cell association assays*. Cells were resuspended in 0.2% formaldehyde in PBS and MFI values were determined using flow cytometry.

In co-culture uptake experiments, Neuro2A cells were labelled with 5 μM of CellTracker Green dye according to the manufacturer\'s protocol, washed three times with complete cell culture medium and mixed with unlabeled A431 cells in a Neuro2A : A431 ratio of 2 : 1. Cell mixture was seeded at a density of 3 × 10^4^ cells per well in 96-well plates. After 24 hours, uptake assay was performed as described above and analyzed using flow cytometry. Using cytometric analysis, CellTracker Green positive and negative cells were gated in order to separately analyze EV uptake by Neuro2A and A431 cells, respectively.

Fluorescence microscopy
-----------------------

Neuro2A and A431 cells were labeled with 5 μM of CellTracker Red and CellTracker Green, respectively, according to the manufacturer\'s instructions. Cells were subsequently washed three times with complete culture medium, mixed in a Neuro2A : A431 ratio of 3 : 1 and seeded onto glass coverslips in 24-well plates at a density of 2 × 10^5^ cells per well. After 24 hours, 2.3 × 10^10^ particles of CellTracker Deep Red labeled Neuro2A EVs were added and incubated for 5 hours at 37 °C. Cells were washed once with PBS, once with acid wash buffer, and once more with PBS. Cells were fixated in 4% polyformaldehyde in PBS for 20 min at room temperature, washed with PBS, and stained with 1 μg mL^--1^ of 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI, Sigma Aldrich) for 8 min at room temperature. Cells were washed again with PBS and mounted onto microscopy slides using FluorSave Reagent (Merck Millipore). Slides were imaged using a LED-based Zeiss Axiovision Z1 fluorescence microscope (Carl Zeiss, Oberkochen, Germany) with a 40× objective and on a Zeiss LSM700 Confocal Laser Scanning microscope.

Results
=======

Design and purification of C1C2-nanobody fusion proteins
--------------------------------------------------------

In this work, we investigated whether isolated, PS-exposing EVs can be equipped with nanobodies to improve their targeting specificity. The EGa1 nanobody was used as a targeting ligand for EGFR-expressing tumor cells. This nanobody has been described to bind EGFR with high affinity, without triggering its activation.[@cit49] The R2 nanobody, which was raised against the azo-dye Reactive Red (RR6),[@cit50] served as a negative control nanobody as it showed negligible affinity for EGFR in previous reports.[@cit51],[@cit52] DNA sequences of these nanobodies were cloned into pcDNA3.1 vectors with a CMV-promoter, and fused to PS-binding C1C2 domains of MFG-E8 *via* a GGGS~2~ linker sequence ([Fig. 1A](#fig1){ref-type="fig"}). In addition, an Igκ leader sequence was inserted to induce protein secretion, and C-terminal c-Myc- and His~6~ tags were inserted for detection and purification, respectively. It was hypothesized that the resulting fusion proteins would self-associate with PS in EV membranes, resulting in nanobody display on the membrane surface ([Fig. 1B](#fig1){ref-type="fig"}).

![Schematic presentation of C1C2-nanobody fusion proteins. A. Protein expression cassette as cloned in the pcDNA3.1 vector. Expression is driven by a CMV-promoter. Recombinant proteins comprise an Igκ leader sequence (LS), nanobody sequence, GGGGS~2~ linker sequence, C1 and C2 domains of mouse MFG-E8 (C1C2), and Myc and His~6~ tags for detection and purification, respectively. B. C1C2 domains (purple) of the targeting proteins are expected to self-associate with PS in the outer leaflets of EV membranes, resulting in display of nanobodies (green).](c7nr06966a-f1){#fig1}

To test this hypothesis, vectors encoding C1C2-fused to R2 or EGa1 (R2-C1C2 and EGa1-C1C2, respectively) were stably transfected into HEK293 cells. Both proteins were successfully expressed in these cells, and appeared as bands at their calculated molecular weights of 56.9 kDa (R2-C1C2) and 57.4 kDa (EGa1-C1C2) when analyzed by western blotting ([Fig. 2A](#fig2){ref-type="fig"}). Expression of R2-C1C2 was lower than expression of EGa1-C1C2, possibly due to differences in transfection or selection efficiency. Both proteins were secreted into the culture medium and showed two bands on western blot. This may be explained by partial cleavage of the Igκ leader sequence (2.4 kDa) from the proteins during secretion. To purify the C1C2-nanobodies from cell culture supernatants, proteins were adsorbed to immobilized metal affinity chromatography (IMAC) resins and thoroughly washed with detergents to remove any protein-bound EVs and phospholipids from HEK293 cells.

![C1C2-proteins are expressed and secreted by HEK293 cells and can be purified from conditioned medium. A. Western blot of HEK293 cell lysates after stable transfection with pcDNA3.1-R2-C1C2 (R2) or pcDNA3.1-EGa1-C1C2 (EGa1) vectors (10 μg protein per lane) and corresponding conditioned medium (45 μL medium per lane). Myc tags were used to detect C1C2-nanobody expression, and β-actin was included as a loading control. B. Western blot of R2-C1C2 and EGa1-C1C2 after purification from conditioned medium, stained with anti-Myc antibodies. C. SDS-PAGE of purified R2-C1C2 and EGa1-C1C2. Arrows indicate bands of BSA from the OSB (gray) and C1C2-nanobodies (black). Lanes in B and C contained 1 μg of protein.](c7nr06966a-f2){#fig2}

After elution from the resins, proteins were purified to near-complete purity using gel filtration, as analyzed by western blotting and SDS-PAGE ([Fig. 2B and C](#fig2){ref-type="fig"}, respectively). Importantly, it was observed that the C1C2-nanobodies readily and irreversibly precipitated from solutions when dissolved in commonly used aqueous solutions (*e.g.* PBS). To prevent this issue, proteins were formulated in an optimized stabilizing buffer (based on studies with recombinant factor VIII[@cit53]), which was found to prevent protein precipitation even after three freeze--thaw cycles and allowed protein storage at --20 °C for more than a year (data not shown). This formulation contains BSA, which appeared as a 66 kDa band when proteins were analyzed by SDS-PAGE ([Fig. 2C](#fig2){ref-type="fig"}).

C1C2-nanobody association with PS and EGFR
------------------------------------------

To investigate whether the C1C2 domains of the recombinant proteins could promote association with PS, a protein--lipid overlay assay was employed. In this assay, a variety of common EV membrane lipids, including phosphatidylethanolamine (PE), phosphatidylcholine (PC), sphingomyelin (SM), ganglioside GM3 and PS,[@cit54] were spotted onto a PVDF membrane and incubated with equimolar concentrations of R2-C1C2 or EGa1-C1C2. Both proteins bound exclusively to PS in a concentration dependent manner, even when spotted in a 100-fold lower concentration compared with the other lipids ([Fig. 3A](#fig3){ref-type="fig"}). Importantly, both proteins showed no binding to phosphatidylglycerol (PG), a phospholipid bearing a negative charge similar to PS, but lacking the recognition motif for C1C2, indicating that protein binding is not solely based on simple electrostatic interactions.

![Purified C1C2-nanobodies bind to PS and EGFR with high affinity and compete with binding of EGF. A. Protein--lipid overlay assay in which a PVDF membrane was spotted with 500 pmol of phosphatidylglycerol (PG), cholesterol (CHL), ganglioside GM3 (GM3), sphingomyelin (SM), egg- and soy-derived phosphatidylcholine (PC^egg^ and PC^soy^, respectively), phosphatidylethanolamine (PE), and decreasing quantities of PS. Binding of R2-C1C2 and EGa1-C1C2 was detected with anti-Myc antibodies. B. ELISA showing binding of increasing concentrations of R2-C1C2 and EGa1-C1C2 to immobilized extracellular domains of EGFR. C1C2-nanobody binding was quantified using anti-Myc antibodies with peroxidase detection. C. Competition ELISA in which C1C2-nanobodies were mixed with 40 nM EGF-IRDye800 (EGF-IR) and incubated with plate-captured extracellular domains of EGFR. EGF-IR binding was analyzed using an Odyssey imager. All data are displayed as mean ± SD and are representative of at least two replicate experiments.](c7nr06966a-f3){#fig3}

To determine whether the nanobody domains of the PS-binding proteins showed affinity for EGFR, an anti-EGFR ELISA was performed. Extracellular domains of EGFR were captured on 96-well plates and incubated with R2-C1C2 or EGa1-C1C2 ([Fig. 3B](#fig3){ref-type="fig"}). As expected, EGa1-C1C2 bound EGFR with high affinity (*K*~d~ = 39.3 ± 2.7 nM). In contrast, R2-C1C2 showed no affinity for EGFR, confirming that these proteins could serve as non-binding controls for EGa1-C1C2. EGa1 has been described to not only bind EGFR, but also compete with its natural ligand epidermal growth factor (EGF) and thereby prevent EGF-induced receptor phosphorylation.[@cit49],[@cit51],[@cit52]

To investigate whether EGa1-C1C2 also competed with EGF, a competition ELISA was employed in which C1C2-nanobodies were mixed with EGF conjugated to a near-infrared fluorophore (EGF-IR) and allowed to bind immobilized extracellular domains of EGFR. EGa1-C1C2 competed with IR-EGF for binding to EGFR, while no IR-EGF competition was observed for R2-C1C2 ([Fig. 3C](#fig3){ref-type="fig"}).

Association of C1C2-nanobodies with RBC EVs
-------------------------------------------

We next investigated whether the PS-binding properties allowed the C1C2-nanobodies to bind to EV surfaces. RBCs were isolated from blood from healthy volunteers and stimulated with Ca^2+^-ionophore. This procedure has been described to stimulate secretion of EVs which are predominantly PS-positive.[@cit55],[@cit56] EVs were isolated using a differential (ultra)centrifugation method, with typical EV protein yields of 0.25--0.35 mg per mL of RBCs (at 40% hematocrit), corresponding with 7 × 10^11^--9.8 × 10^11^ particles per mL of RBCs as determined by Nanoparticle Tracking Analysis (NTA). Isolated EVs were incubated with R2-C1C2 and EGa1-C1C2 to allow protein binding to EV surfaces. Unbound proteins were removed by size-exclusion chromatography (SEC), and EVs were analyzed by western blotting. The amount of R2-C1C2 and EGa1-C1C2 that co-eluted with EVs increased in a concentration dependent manner ([Fig. 4A](#fig4){ref-type="fig"}). Importantly, when high concentrations of R2-C1C2 and EGa1-C1C2 without EVs were loaded onto the SEC column, no proteins were detected in the typical EV fractions (right two lanes in [Fig. 4A](#fig4){ref-type="fig"}), indicating that the purification method was suitable to completely separate EVs from unbound protein. Decoration of EVs with R2-C1C2 or EGa1-C1C2 did not affect EV size distribution as determined by NTA ([Fig. 4B](#fig4){ref-type="fig"}). EVs typically showed a heterogeneous size distribution with a mean size of ±160 nm. To investigate whether decoration with C1C2-nanobodies affected EV integrity or morphology, EVs were analyzed by Transmission Electron Microscopy (TEM). Immunogold labeling was performed on Myc tags to analyze recombinant protein localization. EVs appeared as heterogeneous spherical structures and displayed variable electron density ([Fig. 4C](#fig4){ref-type="fig"}).

![C1C2-nanobodies self-associate with RBC EVs in a dose-dependent manner without affecting EV size and integrity. A. Western blot of RBC EVs after decoration with increasing amounts of R2-C1C2 and EGa1-C1C2 and after SEC purification. C1C2-nanobodies were detected with anti-Myc antibodies and alpha-1-spectrin was used as a loading control for EVs. In each lane 20 μg of protein was loaded. Right two lanes show typical EV fractions after loading of high concentrations of R2-C1C2 or EGa1-C1C2 (corresponding with concentrations used in sample lanes 4 and 7) onto the SEC column. B. Representative size distribution of RBC EVs after decoration with C1C2-nanobodies (40 ng μg^--1^ EV), determined by Nanoparticle Tracking Analysis. Data is displayed as mean ± SD of 5 measurements. C. Transmission electron microscopy pictures of SEC-purified RBC EVs after decoration with R2-C1C2 or EGa1-C1C2 at a concentration of 40 ng μg^--1^ EV. Immunogold labeling was performed with anti-Myc antibodies and arrowheads indicate examples of membrane-associated gold. Scale bars represent 200 nm.](c7nr06966a-f4){#fig4}

Furthermore, EV samples contained elongated tubular structures with lengths of up to several micrometers, which is consistent with morphological observations on RBC EVs in previous studies.[@cit57],[@cit58] Control RBC EV membranes were mostly gold-negative, whereas gold clearly associated with EV membranes after EV incubations with R2-C1C2 or EGa1-C1C2. However, under these conditions also non-associated gold was observed, which might be the result of protein dissociation from EV membranes during, or before EM sample processing. The presence of C1C2-nanobodies did not affect EV size, morphology or electron density. Interestingly, both proteins were not homogeneously distributed over all EVs in the sample, but appeared to be concentrated on specific EV subpopulations instead. These subpopulations could not be characterized by particular features (*e.g.* low electron density or tubular/spherical size).

Effects of EV decoration with C1C2-nanobodies on EV interactions with tumor cells
---------------------------------------------------------------------------------

To study whether decoration with C1C2-nanobodies altered the targeting specificity of RBC EVs, cell association and cell uptake assays with EGFR-negative Neuro2A cells and EGFR-overexpressing A431 cells (ESI Fig. 1[†](#fn1){ref-type="fn"}) were performed. For cell association assays, cells in suspension were incubated with AlexaFluor 488 fluorescently labeled EVs for 1 hour at 4 °C. The low temperature allows association, but prevents uptake of the EVs by the cells. When EVs were decorated with C1C2-nanobody/EV ratios of 2 or 10 ng μg^--1^, association with Neuro2A cells did not change, regardless of nanobody type ([Fig. 5A](#fig5){ref-type="fig"}). Remarkably, Neuro2A cell association increased slightly when EVs were decorated at a C1C2-nanobody/EV ratio of 50 ng μg^--1^, and this effect was similar for R2-C1C2 and EGa1-C1C2. When R2-C1C2 decorated EVs were incubated with A431 cells, the same behavior was observed ([Fig. 5B](#fig5){ref-type="fig"}). However, when EVs were decorated with EGa1-C1C2, association with A431 cells dramatically increased. This effect was dependent on the EGa1-C1C2/EV ratio. To evaluate whether this improvement in cell association translated into improved EV *uptake* by these cells, uptake assays were performed in which fluorescently labeled EVs were incubated with cells for 4 hours at 37 °C. After incubation, cells were acid washed to remove any cell-bound material and analyzed by flow cytometry. Interestingly, under these incubation conditions, untreated EVs were barely taken up by both cell types. Decoration with either R2-C1C2 or EGa1-C1C2 had no effect on EV uptake by Neuro2A cells, even when a high C1C2-nanobody/EV ratio was applied ([Fig. 5C](#fig5){ref-type="fig"}). In contrast, decoration of EVs with small amounts of EGa1-C1C2 resulted in a significantly increased EV uptake by A431 cells compared with untreated EVs or R2-C1C2 decorated EVs ([Fig. 5D](#fig5){ref-type="fig"}). Again, EV uptake was dependent on the EGa1-C1C2/EV ratio, whereas decoration with R2-C1C2 (even in a high R2-C1C2/EV ratio) did not affect EV uptake by these cells.

![Decoration of RBC EVs with EGa1-C1C2 dose-dependently increases EV binding and uptake specifically by EGFR-overexpressing A431 cells. A. Binding of AlexaFluor488-labeled RBC EVs decorated with increasing amounts of R2-C1C2 (gray) or EGa1-C1C2 (black) to Neuro2A cells (panel A) and A431 cells (panel B) for 1 hour at 4 °C, determined by flow cytometry. C. Uptake of AlexaFluor488-labeled RBC EVs decorated with increasing amounts of C1C2-nanobodies by Neuro2A cells (panel C) and A431 cells (panel D) for 4 hours at 37 °C, determined by flow cytometry. Representative data of at least 2 replicate experiments are shown and data are displayed as mean ± SD.](c7nr06966a-f5){#fig5}

Application of C1C2-nanobodies to cell-culture derived EVs
----------------------------------------------------------

We next hypothesized that C1C2-nanobodies could also equip PS-exposing EVs from other cellular sources than RBCs with tumor cell targeting properties. To test this, EVs were isolated from Neuro2A cells and mixed with R2-C1C2 and EGa1-C1C2. Indeed, C1C2-nanobodies dose-dependently self-associated with these EVs, whereas EV marker expression and EV size distribution remained unaltered ([Fig. 6A](#fig6){ref-type="fig"} and ESI Fig. 2[†](#fn1){ref-type="fn"}). C1C2-domains were required for this association, given that incubation with EGa1 lacking this domain resulted in complete removal of nanobodies from EVs by size exclusion chromatography. TEM analysis of decorated EVs after immunogold labelling of Myc tags revealed that C1C2-nanobodies did not affect the typical "cup-shaped" morphology or electron density of the EVs (ESI Fig. 3[†](#fn1){ref-type="fn"}). As observed for RBC-derived EVs, the recombinant proteins were not homogenously distributed over all EVs, but localized to membranes of specific subpopulations instead. When the C1C2-nanobody/EV ratio was increased, this distribution was only marginally affected, whereas gold density per vesicle increased.

![Decoration of Neuro2A EVs with EGa1-C1C2 dose-dependently promotes EV uptake by EGFR-overexpressing A431 cells and inhibits uptake by non-targeted cells. A. Western blot of Neuro2A EVs after decoration with increasing amounts of R2-C1C2 and EGa1-C1C2, or with 300 ng μg^--1^ EGa1 without C1C2 domains (second lane) and after SEC purification. C1C2-nanobodies were detected with anti-Myc antibodies and Alix and CD9 were used as EV marker proteins. In each lane 3 μg of protein was loaded. In the last two lanes 100 ng of R2-C1C2 and EGa1-C1C2 were loaded as references. B. Uptake of CellTracker Deep Red labeled, SEC purified Neuro2A EVs decorated with increasing concentrations of R2-C1C2 (gray) or EGa1-C1C2 (black) or 300 ng μg^--1^ of EGa1 without C1C2 domains by A431 cells or Neuro2A cells (panel C), as determined by flow cytometry. D. Uptake of CellTracker Deep Red labeled Neuro2A EVs decorated with increasing concentrations of R2-C1C2 or EGa1-C1C2 or 300 ng μg^--1^ of EGa1 without C1C2 domains by CellTracker Green labeled Neuro2A cells co-cultured with unstained A431 cells in a 2 : 1 ratio, as determined by flow cytometry. Data are expressed as the ratio of mean fluorescence intensity (MFI) of A431 cells with that of Neuro2A cells in the same well. Representative data of at least 3 replicate experiments are shown and data are displayed as mean ± SD.](c7nr06966a-f6){#fig6}

To investigate whether decoration with C1C2-nanobodies affected the interaction of Neuro2A EVs with tumor cells, EVs were labelled with CellTracker Deep Red, decorated with nanobodies and incubated by Neuro2A and A431 cells. EGa1-C1C2 dose-dependently and specifically increased the uptake of the EVs by A431 cells ([Fig. 6B](#fig6){ref-type="fig"}), whereas such effects were not observed for their parent cells (Neuro2A, [Fig. 6C](#fig6){ref-type="fig"}). In contrast, C1C2-nanobody decoration at high C1C2-nanobody/EV ratios (300 ng μg^--1^) tended to inhibit EV uptake by Neuro2A cells. The same effect was observed for EV uptake by A431 cells when EVs were decorated with 300 ng μg^--1^ of R2-C1C2. Of note, uptake of EVs by A431 cells appeared to reach a plateau when EVs were decorated with \>75 ng μg^--1^ EGa1-C1C2, supporting observations from TEM analysis that high doses of C1C2 nanobodies affected the decoration density, but not the number of decorated EVs. No effect on EV uptake was observed when EVs were incubated with EGa1 without C1C2 domains, again confirming that the C1C2 domain was required for nanobody attachment and likely responsible for the inhibitory effects on EV uptake.

We next studied whether the C1C2-nanobodies allowed the EVs to be taken up selectively by EGFR expressing cells in the presence of an excess of non-EGFR expressing cells. Neuro2A cells were labelled with CellTracker Green and co-cultured with A431 cells in a Neuro2A : A431 ratio of 2 : 1. When fluorescently labeled C1C2-nanobody decorated EVs were added to this co-culture, it was again observed that the EVs were selectively taken up by A431 cells when decorated with EGa1-C1C2 ([Fig. 6D](#fig6){ref-type="fig"}). EV selectivity for A431 cells improved with increasing concentrations of EGa1-C1C2, due to a combination of increased uptake by A431 cells and decreased uptake by their parent Neuro2A cells. When both cell types were labelled with different fluorescent dyes and EV uptake visualized with fluorescence microscopy, these observations were confirmed (ESI Fig. 4[†](#fn1){ref-type="fn"}). In addition, given that acid washing does not guarantee complete removal of surface-bound EVs, co-cultured cells were examined using confocal microscopy after EV uptake. This analysis confirmed that EGa1-C1C2 decorated EVs were actually internalized by the A431 cells and not merely bound to the cell surface (ESI Fig. 5[†](#fn1){ref-type="fn"}).

Discussion
==========

In this study, we show for the first time that C1C2 domains of lactadherin can be successfully fused to nanobodies and purified from cell culture supernatants of mammalian cells, and that these can be used to improve target cell-specific binding and uptake of EVs. It has been described that the C2 domain of lactadherin, which shares homology with the C2 domains of coagulation factors V and VIII, is mainly responsible for PS-binding.[@cit32],[@cit59] However, the C1 domain can further improve PS-association of the C2 domain, especially when the lipid is incorporated in membranes of lipid vesicles (*e.g.* EVs).[@cit33],[@cit60],[@cit61] Together, C1C2 domains are therefore attractive anchoring moieties for the attachment of targeting ligands to PS-exposing EVs, given that these domains (1) show high affinity for PS (*K*~d~ = ∼4 nM ([@cit32])), (2) bind PS in a calcium-independent fashion,[@cit62],[@cit63] (3) increase their binding affinity to PS with increasing membrane curvature and hence would be expected to favor EVs over larger PS-exposing surfaces in circulation (*e.g.* of apoptotic cells),[@cit63],[@cit64] (4) may shield PS on EVs from recognition by plasma components, such as coagulation factors V and VIII,[@cit62] which may reduce their thrombogenic potential, and (5) may shield PS on EVs from direct or lactadherin-mediated PS-recognition by phagocytes in the mononuclear phagocyte system (MPS), which may prevent premature clearance.[@cit65],[@cit66] Despite these beneficial features, the use of purified C1C2 domains for the decoration of EV surfaces is limited to a single report. Delcayre and coworkers showed that these domains could be used to decorate dendritic cell-derived exosomes with cytokines to elicit immune responses.[@cit33] This work was followed up by others who showed that cells transfected with C1C2-fusion proteins secreted EVs displaying these proteins, including tumor antigens[@cit34]--[@cit36] and reporter proteins,[@cit67],[@cit68] on their membrane. However, these proteins were not purified, restricting their use to the transfected parent cells and corresponding EVs. Such strategies are therefore less suitable for hard-to-transfect cells, such as primary cells. The applicability of C1C2-fusion proteins can be significantly expanded by purification of these proteins. However, this process is hampered by technical challenges, given that C1C2 domains are hydrophobic and tend to irreversibly precipitate in aqueous solutions in the absence of lipid membranes. Indeed, when the C1C2-nanobodies described here were initially expressed in *E. coli* cells, pronounced protein accumulation in inclusion bodies was observed (data not shown). Protein precipitation was slightly reduced when a mammalian expression system was employed, possibly due to post-translational modifications. Nonetheless, significant irreversible C1C2-nanobody precipitation was observed during purification of these proteins with affinity chromatography (data not shown). To overcome these issues, a stabilizing formulation was developed, which contained a mixture of neutral, positively and negatively charged amino acids, and a low concentration of BSA. This formulation facilitated purification of these proteins and prevented their precipitation, even after several freeze--thaw cycles. As a result, both the N-terminal nanobody domains and the C-terminal C1C2 domains retained their functionality.

We showed that the C1C2 domains of the C1C2-nanobodies could direct specific protein association with PS, but not with other membrane lipids, including phospholipids with negatively charged head groups. As expected, this resulted in rapid association of the C1C2 nanobodies with EVs derived from Ca^2+^-ionophore stimulated RBCs, which have been described to be predominantly PS-positive.[@cit24],[@cit55] Furthermore, C1C2-nanobodies self-associated with EVs from Neuro2A cells, illustrating that a substantial percentage of these EVs also expose PS. These data show that C1C2-nanobodies may be applied to equip EVs from a variety of cell types, including circulating cells in the blood stream, which have been described to secrete large quantities of PS-positive EVs, with targeting moieties.[@cit57],[@cit58] Nevertheless, it should be noted that a subset of EVs may be PS-negative and hence would not be receptive to C1C2-based decoration with targeting ligands. This is in line with our TEM observations, where C1C2-nanobodies' distribution over EVs was heterogeneous, especially for cell culture derived (Neuro2A) EVs. In fact, the current dogma states that EVs which originate from direct blebbing of the plasma membrane (*i.e.* microvesicles or ectosomes) are PS-positive, while EVs released *via* fusion of multivesicular bodies with the plasma membrane (*i.e.* exosomes) are predominantly PS-negative.[@cit24],[@cit48],[@cit69] However, in lipidomic studies even exosomes are often found to be enriched in PS compared with their parent cells.[@cit2],[@cit18],[@cit19] Furthermore, exosomes typically do not contain flippase (the enzyme that actively maintains the asymmetrical lipid distribution in cellular membranes). This may result in gradual PS-exposure[@cit1] and possibly also makes exosomes amenable for C1C2 binding.

Association of C1C2-nanobodies with EVs resulted in major changes of EV--cell interactions. Whereas 'naked' RBC EVs typically showed only limited binding and uptake by EGFR-overexpressing tumor cells, these processes were dramatically enhanced upon decoration with EGa1-C1C2. This was also the case for Neuro2A EVs, which typically already show a higher basal association and uptake by these cells. A small non-specific increase of EV cell binding was observed when RBC EVs were decorated with relatively high concentrations of C1C2-nanobodies. It is still unclear why this phenomenon occurs, however it could be that C1C2 domains slightly reduce the negative surface charge of EVs by masking negatively charged PS head groups on the EV surface or by enriching the EV surface with positively charged domains. This may slightly increase passive association of EVs with the negatively charged cell surface.

Notably, it was observed that the *uptake* of C1C2-nanobody decorated Neuro2A-derived EVs by non-targeted cells (including their parent cells) tended to decrease compared with unmodified EVs, suggesting that EV targeting specificity was increased. Additionally, this indicates that PS plays a role in EV uptake and that C1C2 domains may be employed to shield EVs from interacting with non-targeted cells. These findings are supported by previous reports, which have shown that masking of PS on EVs with annexin V reduces their uptake by recipient cells[@cit70]--[@cit75] and that PS receptors on recipient cells (*e.g.* TIM-1 and TIM-4) facilitate EV uptake.[@cit45],[@cit76],[@cit77] Given the abundance of these receptors on phagocytotic cells, PS on EVs is described to serve as an 'eat-me' signal, promoting EV engulfment and clearance from circulation.[@cit74],[@cit78] Hence, decoration with C1C2-nanobodies may provide additional advantages for EVs as drug delivery systems besides improved cell targeting specificity. If C1C2 fusion proteins are capable of masking eat-me signals of PS, the circulation time of exogenously administered EVs (which is typically short compared with currently approved synthetic drug delivery systems[@cit44],[@cit79]) may be prolonged, improving their exposure to target tissues. This is especially relevant for solid tumor tissues which are supported by leaky vasculature, allowing passive extravasation of nanoparticles as a function of their circulation time.[@cit10],[@cit80]

In addition to its targeting properties, EGa1-C1C2 may serve as an inhibitor of EGFR signaling. Our data showed that EGa1-C1C2 competed with EGF for its receptor, even at a 16-fold lower molar concentration than EGF. This is in agreement with previously published data on EGa1.[@cit49] Furthermore, EGa1-exposing liposomes have been described to induce EGFR downregulation and inhibit proliferation of tumor cells.[@cit51],[@cit52] Whether this antitumor effect is also conferred to EVs after decoration with EGa1-C1C2 remains to be investigated.

It should be noted that the intracellular fate of C1C2-nanobody decorated EVs may require additional studies. Proper delivery of EV-carried nucleic acids and other molecules may require fusion of EV membranes with plasma or endosomal membranes.[@cit7] These processes may be affected when EVs are directed towards an EGFR-dependent uptake mechanism. However, sensitive assays to properly assess the ability of EVs to functionally transfer biological cargo to recipient cells are currently scarce and remain the topic of intensive investigation. One of such assays could be the Cre-LoxP reporter system employed by Zomer *et al.*, in which recipient cells permanently switch color when messenger RNA coding for Cre recombinase is functionally delivered.[@cit4] However, as with most reporter assays, this requires loading of EVs with appropriate effector molecules, which is technically challenging (especially for primary erythrocytes employed in this study). Nevertheless, given the biocompatible nature of EV manipulation using C1C2 fusion proteins (which are partly derived from naturally occurring lactadherin), it is well conceivable that EVs retain their capacity to transfer their cargo to targeted cells.

In conclusion, we show that C1C2-domains can be fused to nanobodies, and purified to near-complete purity while avoiding protein precipitation. These proteins confer remarkable tumor targeting properties to EVs from RBCs and Neuro2A cells without affecting EV integrity, and could possibly be used as 'plug-and-play' EV tumor targeting tools. Furthermore, the generation of recombinant C1C2-fused proteins may be an appealing strategy to decorate EVs with other moieties, such as therapeutic proteins and imaging reporters. Future research will be focused on the delivery of EV cargo to further boost their therapeutic potential.
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